A numerical model embodying the concepts of the Cowley-Lockwood Lockwood, 1992, 1997) paradigm has been used to produce a simple CowleyLockwood type expanding flow pattern and to calculate the resulting change in ion temperature. Cross-correlation, fixed threshold analysis and threshold relative to peak are used to determine the phase speed of the change in convection pattern, in response to a change in applied reconnection. Each of these methods fails to fully recover the expansion of the onset of the convection response that is inherent in the simulations. The results of this study indicate that any expansion of the convection pattern will be best observed in time-series data using a threshold which is a fixed fraction of the peak response. We show that these methods used to determine the expansion velocity can be used to discriminate between the two main models for the convection response to a change in reconnection.
Introduction
The nature of the ionospheric convection response to a change in the IMF is the subject of much discussion, with evidence for two apparently conflicting viewpoints. The prevailing views are 1) that the convection response first appears locally on the dayside before evolving around the flanks and into the nightside (Lockwood et al., 1986; Etemadi et al., 1988; Saunders et al., 1992; Khan and Cowley, 1999; Lockwood, 1992, 1997 ) -henceforth referred to as the CL model, 2) that the convection response is globally simulCorrespondence to: S. K. Morley (steven.morley@newcastle.edu.au) taneous (Ridley et al., 1998; Ruohoniemi and Baker, 1998; Ruohoniemi and Greenwald, 1998 ) -this will be referred to as the REA model. Some recent papers have reported a two-stage ionospheric convection response (Murr and Hughes, 2001; Lu et al., 2002; Nishitani et al., 2002) to a change in the magnetopause reconnection rate. These papers present observations that show that both quasi-instantaneous and expanding responses can occur concurrently, however, no consensus has yet been reached on a mechanism that incorporates both responses within a single framework. Further, modelling of the ionospheric convection response by Lockwood and Morley (2004) , using a numerical implementation of the CowleyLockwood (1992; 1997) paradigm, showed that a quasiinstantaneous response could occur in tandem with the expected expansion, to an extent that depended on the preexisting flow before the change.
A recent paper by Freeman (2003) described both the CL and REA models within a single mathematical framework of the expanding-contracting polar cap (ECPC) model. This analytical solution assumed a uniformly expanding polar cap. For the REA model, the centres of the convection cells are fixed, whereas the CL model requires the propagation of these points. However, Freeman uses a variant of the CL model since the polar cap maintains circularity at all times and the CL paradigm necessarily requires an anisotropic expansion of the polar cap followed by a progressive return to equilibrium by means of the resultant convection. The variant CL solution followed the initial postulation of Cowley and Lockwood (1992) , where the entire equilibrium boundary was allowed to respond instantaneously. Freeman did not model the effects of an expanding perturbation to equilibrium, introduced to the CL paradigm in later papers (Cowley and Lockwood, 1997; Lockwood and Cowley, 1999) , but acknowledged that the instantaneous response at all local times was due to their adoption of a circular polar cap boundary.
It is interesting to note that Freeman compared the results from the REA model and the variant CL model and noted that visual inspection of convection maps showed difficulties in distinguishing the two. The response seen in time series data was far clearer and Freeman concluded that the CL model explained the observations to date more satisfactorily.
The description of a two-stage response within a single framework is beyond the scope of this paper, but will be presented in a later paper. In the present paper, we present a single example of expanding flow, simulated using the Lockwood and Morley (2004) numerical model, and apply the commonly-used methods that are found in the literature to derive flow velocities from time series data. We then examine and compare the techniques to address the question of how each method affects the derived rate of expansion. As we can apply these techniques in a controlled situation where the model inputs and expected expansion rates are known, we can evaluate the robustness of the various techniques. We will also show that different measuring techniques have potential for discriminating between models of ionospheric convection response.
Modelling expansions in the ionospheric flow response

The Lockwood-Morley numerical model
A numerical model of ionospheric convection, embodying the concepts of the 1997) paradigm, has recently been presented (Lockwood and Morley, 2004 , henceforth referred to as Paper 1). The numerical model described in Paper 1 uses non-circular polar cap and equilibrium boundaries, and takes the propagation of the perturbation in the open-closed field line boundary (OCB) into account. Full details of the model, together with a discussion of the assumptions and limitations can be found in Paper 1. In this section we outline the basic features of the model which are relevant to the expansion of the simulated flow patterns. Using this model we can calculate the evolution through time of the OCB and the equilibrium boundary latitudes,
OCB and E at any MLT. The operation of the Lockwood and Morley model is summarized in Fig. 1 . The figure shows that there are 3 sorts of input to the model: the input reconnection rate (ε) variation (I.1), the initial conditions of the model high-latitude ionosphere (I.2) and the constants assumed for the return of the OCB to equilibrium (I.3).
The processes involved in the operation of the model are labelled A-H. Process A defines the convection velocity across the boundary (V ), in its own rest frame, for a given time. Process B then calculates the latitudinal convection velocity at the boundary (V cn ) and process C determines the latitudinal velocity of the OCB (V b ). Thus the latitude of the OCB ( OCB ) is defined at all MLT for any given simulation time, t s (Process D). Processes E and F update the equilibrium boundary latitude ( E ) to accommodate the new amount of open flux contained within the polar cap. The speed at which the perturbation to the equilibrium boundary propagates antisunward is the limit to the expansion of response of the OCB, and hence to the expansion of the convection pattern. Process G then advances the model in time and process H assesses the input reconnection rate for the current timestep. The processes are then repeated.
The model outputs are marked 0.1-0.4. The latitudinal convection velocity (Process B) is used to specify the distribution of electric potential around the polar cap boundary (Output 0.1) and the peak potential difference is the transpolar voltage, P C (Output O.2). Using the ionospheric convection solution given in Freeman et al. (1991, see their Appendix A), the instantaneous convection velocity for all points in the modelled high-latitude ionosphere (Output O.3) is specified for any given timestep.
The secondary products (Output 0.4) include parameters such as the global distribution of ion temperature, as discussed in the next section.
Note that the input I.3 includes an azimuthal expansion speed dφ r /dt s of the perturbation to the equilibrium boundary. The specification of the reconnection rate in input I.1 also contains an azimuthal expansion speed -that with which changes in reconnection rate propagate away from the centre of the merging gap. Thus the model has two inherent expansion speeds: the aim of this paper is to investigate the extent to which they are recovered by various procedures that can be applied to observations.
Modelled convection and ion temperature variations
The example results presented in Paper 1 are for a merging gap centred on 13 MLT and the reconnection rate variation specified with two pulses of reconnection. The repeat period was set at 8 min, that characteristic of putative signatures of reconnection bursts at the magnetopause called flux transfer events (Rijnbeek et al., 1984; Lockwood and Wild, 1993) . This paper presents a simpler reconnection specification. The centre of the merging gap is located at noon MLT and a single reconnection pulse is applied to the X-line. The pulse lasts 1 min at each MLT it propagates over and adds a total open flux of 1.85×10 7 Wb (2.3% of the pre-existing total). All the other inputs are as in Paper 1. Figure 2 gives the modelled boundary locations and convection patterns for the reconnection specification used in this study. Each frame shows the pattern of flow streamlines, above which is the variation of the input reconnection voltage, integrated along the X-line, XL and the output transpolar voltage, P C . The vertical green bar in each panel shows the simulation time of the convection pattern below.
The model has also been extended to calculate ionospheric ion temperature, and the convection enhancement is studied here using the model response in ion temperature, T i . This is because ion temperature is a scalar quantity and thus is not dependant on viewing angle, which makes it very useful for detecting motions and changes of fast flow regions. Indeed, the expansion of the convection pattern was first detected by Lockwood et al. (1986) using incoherent scatter radar measurements of ion temperature. A similar scalar that has been used for this purpose is the magnitude of the horizontal magnetic deflection seen on the ground, which is dominated by the effect of the Hall currents associated with convection. However, because magnetometers are sensitive to currents over an extended region and are influenced by horizontal structures in conductivities, these data are not as straightforward to interpret in the real ionosphere as the ion temperature data. We use a first-order approximation to the ion temperature:
where T n is the neutral temperature, k B is the Boltzmann constant, m n is the neutral mass, V i and V n are the ion and neutral drift velocities. The terms on the right-hand side of Eq. 1 represent heat exchange with the neutral gas and direct ion-neutral frictional heating. The largest term neglected in Eq. 1 is heat exchange with the electron gas, and this may lead to a consistent underestimation of T i by some tens of degrees (St. Maurice and Hanson, 1982) . For simplicity it is assumed that V n is zero in this model. This is satisfactory as we are interested in the change in ion temperature and the neutral wind is not believed to respond on timescales as short as the response of the ionospheric flows. Equation 1 also assumes that one neutral species dominates the atmospheric composition in the upper F-region ionosphere (St. Maurice and Hanson, 1982) . The neutral particle mass, m n , is set to 16 a.m.u. (atomic oxygen).
For each timestep of the model the ion temperature at a series of simulated stations at a constant latitude is calculated. As there is a symmetry about the noon-midnight meridian, we here employ a latitudinal ring of 72 simulated stations in the dawn hemisphere (at 67 • ; i.e. outside the polar cap), with a 2.5 • (equivalent to 10 min of MLT) spacing. Note that the polar cap is centred on a latitude of 90 • in the frame used and not offset towards the nightside as in a conventional geographic or geomagnetic frame. Therefore, using a station latitude of 67 • in this frame ensures that the (equilibrium) OCB is equidistant from the station at all MLTs. This allows us to isolate the azimuthal expansion of the convection pattern (i.e. it is not mixed with any latitudinal expansion).
Methods of deriving expansion velocities
From the point of view of detecting propagation speeds, an ideal situation would be to have a time-series observation from one measuring station which is identical to the observation at another station, subject to a time lag. However, in real stuations the variation waveform and amplitude is not the same at different locations. Some of the problems associated with observing propagation speed are illustrated in Fig. 3 . The top panel shows a modelled ion temperature series, taken from a simulated station at 10:05 MLT (just outside the extent of the merging gap). The black dash-dot line marks the time when the ion temperature exceeds a selected fixed threshold (in this example we use 1010 K, shown by the blue dashed lines). The middle panel shows the ideal case, where the same data sequence is reproduced at a different location after a time lag. In this case the time lag (to the green dash-dot line) would be independent of threshold and cross-correlating the data series would give a perfect match and show the same time lag as threshold analysis. The lower panel shows the model data for a simulated station at 07:49 MLT. The red dashed line shows when the observations from this simulated station exceed the same 1010 K threshold. As can be seen here, the waveform of the response varies with location and so the time lag derived will depend on the threshold used. This point was also raised by Ridley et al. (1999) and the same form of response seen in the model time-series in Fig. 3 can also be seen in the magnetometer data in their Fig. 4 . Cross-correlating these data series will no longer find a perfect agreement and the differences in the growth and decay of the compared data series will introduce an extra lag (which can be positive or negative).
The expansion of the convection response to changed reconnection can be derived in several ways. This paper will examine methods we characterize as: 1) cross-correlation of the variation seen at a station with that from a fixed reference station; 2) cross-correlation using a floating reference station (e.g. comparing data from a station with that from it's nearest longitudinal neighbour); 3) comparing times when the scalar exceeds a fixed level threshold; and 4) comparing times when the scalar exceeds a threshold that is a fixed percentage of the peak response at that station. Analysis of the movement of the peak is a limiting case of the threshold analysis (4) using a 100% threshold relative to peak. All of these methods determine the mean phase velocity, V E , of the convection enhancement along the direction connecting the pair of observation stations considered. The mean phase velocity, V E , is obtained from the best estimate of the propagation delay, t p . This yields, for stations separated by a distance l, V E = l/ t p .
Specifically, for method (1) the data from each station, S i (where i=2, 3,. . . , n), is cross-correlated with the data from a fixed reference station, S 1 . t p is the lag that gives the peak correlation. Method (2) is similar to method (1), except that the data from each station is cross-correlated with its nearest neighbour, S i−1 . In method (3) t p is the delay between T i rising above a fixed threshold at a pair of stations, whereas the threshold employed in method (4) is different for each station because it is a fixed fraction of the peak T i seen at the station in question.
The cross-correlation analysis follows the same method regardless of our choice of reference station. To derive the expansion velocity of the response to reconnection we evaluate the lag between datasets, x and y. We first find the correlation coefficient at the j th lag, r j , between x and y for a range of lags:
where n j is the number of pairs of common datapoints at lag j . The best correlated lag is then used to derive the mean expansion velocity between the simulated stations X and Y . If the temporal separation of datapoints is δt, the lag t=j δt. The lag giving peak r j is t p and the expansion velocity V E = l/ t p .
As discussed above, two threshold techniques are used, absolute threshold levels and threshold relative to peak (methods 3 and 4). Absolute thresholds are chosen by inspection of the data: we here use a range of thresholds for ion temperature between 1.001T n and 1.02T n , where T n is the neutral exospheric temperature that is set at 1000 K. To determine the threshold relative to the peak temperature for each station we find the maximum temperature measured at the station, T m , and subtract a background component, taken here to be T n , the exospheric temperature. The threshold for this station is then given as a fraction f of this change, added to the background, T n +f (T m −T n ).
Once the threshold is determined (by whichever method), each time series is searched for the first datapoint at which the ion temperature exceeds the threshold level. The times of passing threshold between adjacent stations are then subtracted to find the lag between stations. The model is run with time steps of 1 s: hence all lags less than or equal to 2 s are deemed undetectably small and not used. The derived lags are then used to deduce the mean expansion velocity.
Any derived expansion speeds should be compared with the expansion speeds that are inputs to the model. There are two such expansions, as discussed in Sect. 2.1. The first is inherent in the characterization of the reconnection rate variation in space and time: changes in the reconnection rate propagate along the merging gap away from noon at 1 hour of MLT per 1.5 min, an expansion speed of 7.6 km s −1 at an invariant latitude of 67 • . The second expansion is the velocity with which the equilibrium boundary perturbation propagates towards midnight. This is set at 1 h MLT min −1 , corresponding to 11.4 km s −1 at 67 • latitude. This is the limit to how fast the OCB can react to the applied reconnection and will limit the expansion of the flow response. Close to noon (i.e. across the maximum extent of the merging gap), expansion is not limited by either of these two expansions. Rather, as the reconnection voltage increases, flow streamlines will expand along the merging gap (10-14 MLT) according to Laplace's equation (incompressible flow).
Cross-correlation methods
These common methods of finding response timescales avoid the complications of choosing a threshold and of how that threshold level conditions our interpretation of data (e.g. Etemadi et al., 1988) . In investigating the convection response of the Lockwood and Morley (2004) model to imposed reconnection voltage variations we consider the overall response, as well as the onset. Selection of a reference point for timing the delay is of some importance to a study of the ionospheric response time (Ruohoniemi et al., 2002) . Selecting either the moment of presumed arrival of the new IMF at the magnetopause, or the moment of presumed arrival of information (of this change in IMF) in the high-latitude ionosphere would give rise to a timing uncertainty. Both options rely on estimating the propagation lag between the upstream monitor and the magnetopause. They also require knowledge of the magnetopause location and the Alfvén wave travel time to the ionosphere. Thus they will add an uncertainty to the delay to onset of the ionospheric response.
To examine the propagation of the onset of change, as a function of MLT, we are concerned with the timing delay between data-series from different locations; this uses the moment of the first measured response at a location within the high-latitude ionosphere as a reference point. It will not affect the reconfiguration timescale after the arrival of information about the turning in the IMF. The uncertainties in the propagation of the IMF and the communication of changes in the IMF to the high-latitude ionosphere are problems that have been addressed in other studies (e.g. Ruohoniemi and Baker, 1998) . Here we restrict the study to comparing the relative response times, based on lags between locations around the auroral oval.
When performing a cross-correlation study comparing relative response times within the high-latitude ionosphere, we have two options for a reference point. These are methods 1 and 2, namely correlation with either a fixed reference or a floating reference point. We here cross-correlate the model temperature time series against the variation modelled at a fixed point (taken here to be noon). Figure 4 compares the velocity of expansion of the modelled convection response to reconnection, as a function of MLT and for fixed latitude, as derived using cross-correlation with a fixed reference (method 1, blue diamonds) and a floating reference (method 2, red crosses). In this case, the floating reference is the adjacent station on the sunward side. The limitations of correlation with a fixed reference is immediately apparent in the extent of derived expansion velocities, whereas the model is constructed with just two expansion velocities. The velocity derived is an average velocity between the reference station and the comparison station, hence must be applied to the mid-point. As the separation from a fixed reference point increases, average speeds are more accurately measured. However, there is more variation about that mean between the stations and if that variation is not linear the actual value at the midpoint will not be accurately measured.
One major disadvantage of using a fixed reference is that the modelled time series does not maintain a constant shape across different stations and the differences become more marked at larger separations. Thus this method very rapidly loses good correlation as station separation increases and the significance of the result becomes very low. This shape change can be minimized by correlating with an adjacent station, however this reduces the time lag and leads to a higher measurement error. Figure 5 shows plots of the convection response expansion velocities obtained using fixed threshold analysis. The major problem associated with this technique is that as we increase the threshold we become further removed from examining the propagation of the onset of change -measuring the actual onset would require us to be able to detect an infinitesimal change from the background. To examine the propagation of the onset of change the threshold selected must be as low as the noise level in the background allows. As the threshold is raised, the characteristic expansion observed is that of a higher level of response which will not necessarily propagate with the same velocity, or even over the same extent. For example, using magnetometer data, Murr and Hughes (2001) have demonstrated the expansion of the convection pattern but noted that the expansion velocity depended on which feature of the response was studied. The effect on the derived velocities can be seen in Fig. 5 as the threshold is increased.
Threshold methods
Further, the ion temperature distribution is not uniform and any temperature enhancement at the reconnection footprint will decay as it propagates around the auroral oval. This effect means that following a fixed threshold artificially slows the observed propagation of the convection response; that is, we will underestimate the rate of expansion. This effect becomes more pronounced both as we move further from the reconnection footprint, and as higher thresholds are chosen. A further effect of following a fixed threshold as the ion temperature decays is that eventually the temperature will drop below the threshold value and the expansion can no longer be monitored.
To eliminate this problem, we can take a threshold that will always be present at a given simulated station, i.e. we use a fixed percentage of the (background subtracted) maximum value as the threshold for that location. Figure 6 shows the response as determined by this relative threshold analysis.
The derived expansion velocities at relative thresholds closer to the peak value naturally reflect the bulk response, rather than the propagation of onset. This effect can be seen to be more pronounced using an 80% (of peak) threshold level than using a cross-correlation (correlating the entire data-series). As the threshold level is reduced, as a fraction of the peak response, the derived velocities more closely resemble the expected form of the initial response.
Discussion
The results shown in Figs. 4, 5 and 6 can be compared with the expansion speeds that are inputs to the model. The two expansions, discussed previously, are reiterated here. The first is inherent in the characterization of the reconnection rate variation in space and time: changes in the reconnection rate propagate along the merging gap away from noon at 1 hour of MLT per 1.5 min, an expansion speed of 7.6 km s −1 at an invariant latitude of 67 • . The second expansion is the velocity with which the equilibrium boundary perturbation propagates towards midnight. This is set at 1 h MLT min −1 , corresponding to 11.4 km s −1 at 67 • latitude. Across the maximum extent of the merging gap (10-14 MLT), expansion is not limited by either of the two expansions that are explicitly input into the model. Rather, as the reconnection voltage increases, flow streamlines expand along the merging gap according to Laplace's equation (incompressible flow).
Outside the merging gap we expect the speed of 11.4 km s −1 to dominate. Because we are examining the onset of the ionospheric convection response to reconnection we need to minimize the effects of the peak flow on our determination of the expansion. This means that cross-correlation is not a suitable method for studying the onset of convection -it is ideal for examining the bulk response. Figure 5 shows that the input expansion velocity of 11.4 km −1 is well recovered over a large range of MLT outside the merging gap (2-10 MLT on the dawn flank presented), but the accuracy and the range of MLT that it can be used over decreases as the threshold is increased. Therefore, using a fixed threshold will follow the onset (given a sufficiently low threshold above the background), but raising the threshold increases the errors in the expansion speed recovered and too low a threshold introduces problems with noise or spatial structure in the measured background level. This effect will be most marked if the reconnection pulse is small and the flow is weak; conversely, a large pulse and a stronger response will give smaller errors. Taking the threshold as a percentage of the maximum change in each data series will be conditioned to a degree by the the bulk flow, as can be seen by following the 100% threshold, equivalent to the movement of the peak response. However, this method does have the advantage over fixed threshold that the threshold always exists for a given station at which there is a detectable response. Figure 6 shows that taking a threshold of 10% of the peak change, applicable to real data where better than 10% noise is attainable, gives better than 20% accuracy for much of the region where the velocity of the OCB perturbation dominates the flow expansion (6-10 MLT). However, increasingly on the nightside this method overestimates the expansion speed. This is because of the non-linear nature of the ion temperature rise (see Eqs. 1), an effect that would not be present for other scalars (such as the magnetometer perturbation).
To help us interpret these findings, Fig. 7 shows the ion temperature profile as a function of time and station number (which varies linearly with MLT from noon for station 1 to midnight for station 72). This formedogram (from the greek "formedon" -meaning "in layers crosswise") has a very high information content and provides a powerful means of presenting the data. Analysis by fixed threshold follows an isotherm, i.e. the expansion velocity at any given ion temperature threshold level can be seen as the slope of that contour on the formedogram. The movement of the peak response is easily seen on a formedogram, as is the change of shape of the response profile with MLT (i.e. with station number). By subtracting the background (here the neutral exospheric temperature) and normalizing the measured ion temperature change relative to the maximum change for each simulated station, the formedogram shows contours of relative change. Figure 8 shows the model T i response seen in Fig. 7 but here the response measured at each simulated station is normalized to the maximum at that station. From these plots it can be seen that the relative threshold technique performs well in recovering the expected expansion in the modelled ionospheric ion temperature, at least up to station 35 (i.e. dayside MLTs). Further onto the nightside the expansion is overestimated, particularly for the higher relative thresholds. As we are using a relative threshold we do not see the artificial slowing of the expansion due to the higher temperatures not propagating all the way around the polar cap.
The temperature anomaly seen in station 3 of Fig. 7 arises due to the proximity of the active reconnection X-line footprint. The equatorward edge of the active reconnection region has strongly enhanced ion temperatures and as the OCB erodes equatorward and propagates away from noon the enhancement is seen at station 3. It is only seen at this station as the bulge relaxes equatorward as the X-line footprint propagates towards midnight. Examination of the effect of latitude on the anomalous temperature enhancement shows that the magnitude of the anomaly is diminished at lower latitudes and is not observed inside the polar cap. This is also observed in Fig. 8 across all simulation times as the enhancement gives a much higher peak to which the data is normalized, suppressing the lower temperatures. The apparently quasi-instantaneous response seen at midnight in Fig. 8 arises from numerical noise in the model being amplified during the normalization and is of order 0.1 K.
Conclusions
The Lockwood and Morley (2004) numerical model has been used to simulate a convection response to a single pulse of reconnection. Using a first-order approximation, the model has been extended to simulate the scalar ion heating response. From the input variation in reconnection rate the model produces a 1997) type expanding twin-vortex convection pattern and hence the variation of ion temperature associated with this convective flow. The onset of the convection response will propagate around the high-latitude ionosphere with a characteristic angular velocity. Cross-correlation, fixed threshold analysis and threshold relative to peak are used to determine the expansion velocity. Each of these methods fails to recover fully the expansion of the onset of the convection response -this is the velocity with which the equilibrium boundary perturbation due to the newly opened flux is responding. The closest estimate to the model input speed of 11.4 km s −1 is obtained for a fixed threshold that is very low. However, for real (as opposed to simulation output) data, noise fluctuations will not allow such low enhancement thresholds to be used. The effect of measuring technique on the interpretation of a model expansion is pronounced. Cross-correlation (across the entire event interval) follows the peak response, i.e. the response of the bulk flow, rather than the onset of flow. This effect can be reduced by selecting a different correlation window (this study used the entire data series), but the selection of the correlation window will affect the result and it is by no means certain what should be chosen.
The merits of using either time-series data or convection maps have been discussed in depth by Freeman (2003) . Freeman contrasted model results from implementations of the REA model and a variant of the CL model. In the variant Cowley-Lockwood model employed by Freeman (2003) , as the entire polar cap is allowed to respond simultaneously, the onset will be globally simultaneous. They concluded that, for the "standing wave" (REA) solution and "travelling wave"' (variant CL) solution, the distinction between the models is least evident in global convection maps. Ruohoniemi et al. (2002) have also raised questions about the accuracy of the "residual potential" maps used by Ridley et al. (1998) . These considerations show that time-series data is the most useful for distinguishing between the competing models, provided there is reasonable data coverage. Further, the results of this study indicate that any expansion of the convection pattern will be best observed in time-series data using a threshold relative to peak.
These different measuring techniques have potential for discriminating between models of ionospheric convection response. If the convection pattern shape is fixed, as in the REA model, then a cross-correlation study would show a simultaneous response. Further, as they state that the pattern is fixed and the strength increases linearly (Ridley et al., 1998) we would not expect to see any expansion using a threshold relative to peak. In the CL model an expansion will be observed using all methods (even if the derived expansion speeds are not generally accurate). Since both the convection pattern and strength vary with time, cross-correlation will still recover the bulk flow. Given sufficiently clean data the simultaneity of onset may be revealed using a low threshold relative to peak. In any of these cases an expansion will be observed using a fixed threshold, though this may be misleading as Ridley et al. (1999) pointed out. Following a fixed threshold level will show an expansion even for a fixed pattern of convection, provided it is increasing in strength.
